Background: Patent ductus arteriosus (PDA) ligation is usually performed by congenital cardiac surgeons. However, due to the uneven distribution of congenital cardiac surgeons in South Korea, many institutions depend solely on adult cardiac surgeons for congenital cardiac diseases. We report the outcomes of PDA ligations performed by adult cardiac surgeons at our institution. Methods: The electronic medical records of 852 neonates at Chung-Ang University Hospital, Seoul, South Korea from November 2010 to May 2014 were reviewed to identify patients with PDA. Results: Of the 111 neonates with a diagnosis of PDA, 26 (23%) underwent PDA ligation. PDAs were ligated within 28 days of birth (mean, 14.5±7.8 days), and the mean gestational age of these patients was 30.3±4.6 weeks (range, 26 to 40 weeks) with a mean birth weight of 1,292.5±703.5 g (range, 480 to 3,020 g). No residual shunts through the PDA were found on postoperative echocardiography. There was 1 case of 30-day mortality (3.8%) due to pneumonia, and 6 cases of in-hospital mortality (23.1%) after 30 days, which is comparable to results from other centers with congenital cardiac surgery programs. Conclusion: Although our outcomes may not be generalizable to all hospital settings without a congenital cardiac surgery program, in select centers, PDA ligations can be performed safely by adult cardiac surgeons if no congenital cardiac surgery program is available.
Introduction
Institutions with neonatal intensive care units (NICUs) encounter premature newborns with congenital anomalies that require surgical procedures. The most common congenital heart defect is patent ductus arteriosus (PDA), with an incidence of 15% among preterm newborns [1, 2] . Approximately 70% of preterm infants delivered at less than 28 weeks of gestation require medical or surgical closure of PDA because of the reduced likelihood of spontaneous PDA closure [3] . Although conflicting and inconclusive results have been reported regarding the optimal treatment strategies for preterm PDA, many reports have supported PDA ligation for symptomatic PDA refractory to pharmacologic treatment [4, 5] .
In South Korea, several reports have shown that the number of newborns has decreased over the last − 243 − 20 years, but the percentage of newborns with congenital heart disease, including PDA, has remained the same [6, 7] . Not all institutions with a NICU have a congenital cardiac surgery program, and pediatric surgical subspecialists show a geographically uneven distribution in South Korea [8] . Our institution is a training hospital with a NICU, a neonatology department, and a pediatric cardiologist. However, no congenital cardiac surgery program is available at our site, although we have an adult cardiac surgery program. Patients who need PDA ligation are treated by 2 adult cardiac surgeons in our center. We report the outcomes of PDA surgery performed urgently by surgeons from an adult cardiac surgery program at our institution.
Methods
The electronic medical records of 852 neonates at Chung-Ang University Hospital, Seoul, South Korea from November 2010 to May 2014 were reviewed to identify neonates with PDA. Patients with other congenital cardiac anomalies or chromosomal abnormalities were excluded from this study. The baseline characteristics evaluated were sex, mean gestational age, birth weight, body weight at operation, preoperative ventilator application, changes in blood pressure before and after the operation, surgery timing, and size of the PDA, and all variables were compared between cases of survival and cases of mortality. Surgical, 30-day, and in-hospital mortality and morbidity of the PDA ligation operations were evaluated.
The decision to perform a PDA ligation operation was made after an average of 2 cycles of ibuprofen treatment or immediately after diagnosis in neonates with contraindications against ibuprofen. All patients underwent double ligation of the PDA with a left muscle-sparing posterolateral thoracotomy through the fourth intercostal space in the operating theater.
This study received ethics approval from the institutional review board (IRB) of Chung-Ang University Hospital (C2015263 [1720] ). The IRB waived the requirement of informed consent since the data had already been collected.
Continuous data were analyzed using the MannWhitney U-test and categorical data were analyzed using the Fisher exact test. Data were expressed as the mean±standard deviation or absolute number (%) and analyzed using IBM SPSS ver. 20.0 (IBM Corp., Armonk, NY, USA). All p-values＜0.05 were considered to indicate statistical significance.
Results
A total of 111 neonates (13.0% of 852) with a diagnosis of PDA made by echocardiography were identified. Among them, 26 (23%) underwent urgent PDA ligation because of hemodynamically significant PDA contributing to heart failure symptoms such as respiratory compromise with prolonged hypoxemia and impaired systemic perfusion, resulting in hypotension and pulmonary hemorrhage. The baseline characteristics of these patients are summarized in Table 1 . The mean gestational age of these patients was 30.3±4.6 weeks (range, 26 to 40 weeks) with a mean birth weight of 1,292.5±703.5 g (range, 480 to 3,020 g). There were 2 patients with a birth weight of 2,500 g or greater. Five were low-birth-weight (LBW: 1,500 g≤ birth weight ＜2,500 g) patients, 6 were very-low-birth-weight (VLBW: 1,000 g≤ birth weight ＜1,500 g) patients, 8 were extremely-lowbirth-weight (ELBW: 750 g≤ birth weight ＜1,000 g) patients, and 5 were incredibly-low-birth-weight (ILBW: birth weight ＜750 g) patients. The mean body weight at the time of the PDA ligation operation was 1,273.3± 700.0 g (range, 430 to 3,110 g). Seventeen patients (65.4%) needed mechanical ventilator treatment preoperatively. The mean PDA size at the time of surgery was 3.5±1.3 mm, as determined by echocardiography. PDAs were ligated within 28 days of birth (mean, 14.5±7.8 days) depending on their clinical significance (5.5±4.9 days for patients with a birth weight ≥2,500 g, 12.4±5.3 days for LBW infants, 20.8±2.1 days for VLBW infants, 15.5±7.5 days for ELBW infants, and 7.8±7.0 days for ILBW infants).
There were no instances of operative mortality. No residual shunt flow through the PDA was seen in the postoperative echocardiographic evaluation in any case. With the exception of 1 case of bleeding that required prolonged chest tube drainage and transfusion, there was no morbidity related to PDA ligation. There were 7 cases of mortality: 1 case of 30-day mortality (3.8%) due to pneumonia; and 6 cases of in-hospital mortality (23.1%) due to necrotizing enterocolitis with bowel perforation (n=3), sepsis with disseminated intravascular coagulation (n=2), and intussusception with bowel perforation (n=1). The other 19 patients (73.1%) were discharged from the hospital on postoperative day 70±42. The gestational age of the cases of mortality was lower than that of the patients who survived (p=0.013). Although there was no statistically significant difference in birth weight between the survival and mortality groups, a significant trend towards mortality was seen as the birth weight became lower (p for trend=0.045). Between the survival and mortality groups, there were no statistically significant differences in gender, body weight at the time of surgery, preoperative ventilator application, surgery timing after birth, or blood pressure elevation after surgery.
Discussion
Most university hospitals in Korea have a NICU. However, congenital cardiac surgery programs are limited to a small number of larger centers in each geographic region. According to the Korean Society for Thoracic and Cardiovascular Surgery, there are approximately 70 teaching hospitals with a thoracic and cardiovascular surgery department in South Korea, and 65 of them have a cardiac surgery program. Only about 10 of those hospitals have a congenital cardiac surgery program.
Based on recent studies conducted in South Korea, unlike in the past, a high percentage of patients requiring heart surgery underwent surgery in Seoul. For simple congenital heart surgery, among patients living in Seoul, 93.9% underwent procedures or surgery in Seoul. In comparison, even in other metropolitan cities, the percentages of patients who underwent the operation in the region of their residence were as low as 14.8% in some cities [8] . For complex congenital heart surgery, the percentage of patients who underwent the operation in the region of their residence was as low as 1.5% in some cities in Korea. These results suggest that candidates for congenital heart surgery tend to seek treatment in large medical centers in Seoul with a congenital cardiac surgery program. Moreover, although the mortality rate of prenatally detected congenital heart disease has continued to decrease in South Korea, the pregnancy termination rate remains high [9] . This factor has contributed to a reduced need for congenital cardiac specialists, even in training hospitals, and a decreased preference among young surgeons to be trained as a congenital cardiac surgeon. Therefore, the Korean government employed a strategy to designate and run a single regional center in each area to achieve the goal of alleviating the overconcen-− 245 − tration of patients in only a few cities. However, this has caused unnecessary competition among comparable university hospitals, resulting in the absence of mutual beneficial cooperation among such centers [8] .
Our institution is a training hospital without a congenital cardiac surgery program. Nonetheless, newborns with common congenital heart defects such as PDA, ventricular septal defect, and atrial septal defect are occasionally born, and 2 adult cardiac surgeons are responsible for dealing with any urgent situations requiring congenital cardiac surgery. One surgeon completed his residency at a university hospital in South Korea, and his adult cardiac surgery fellowship training was done at a large-volume center in the United States. Another surgeon did his residency in a training hospital with a congenital cardiac surgery program in Seoul.
The outcomes of PDA ligation, including the mortality rate, in our center are comparable to the outcomes in other large centers with a congenital cardiac surgery program in South Korea [10] [11] [12] . In the current study, there were 7 cases of in-hospital mortality (26.9%), and younger gestational age was the most important risk factor for in-hospital mortality (p=0.013). All cases of mortality were born at a gestational age of 26 to 29 weeks. Birth weight and body weight at the time of surgery were also lower in the mortality group than in the survival group, but these differences were not statistically significant. However, a significant trend towards mortality was seen as the birth weight became lower (p for trend= 0.045). As most instances of mortality occurred more than 30 days after the PDA ligation operation, we assume that the cases of in-hospital mortality in our study were related to the preoperative clinical condition associated with the underlying prematurity, rather than with the PDA ligation operation itself.
There is some debate over the timing of PDA ligation in premature neonates. Some studies have shown early surgical ligation of PDA to be beneficial for infants with a very low birth weight [10, 13] , but others have suggested that PDA ligation surgery should be considered when ibuprofen fails to close the PDA and that the timing may not affect the outcome of PDA ligation [12] . In our institution, we prefer early surgical ligation before the patient's hemodynamics become compromised. As a result, most of our patients underwent early surgical ligation (at a mean of 14.5±7.8 days of life), and only 4 patients underwent surgical closure after 3 weeks of life. In our study, the timing of surgery did not have a significant impact on patient survival.
Some studies have suggested that performing PDA ligation in a NICU is safer, and in particular that doing so reduces the risks encountered while transferring infants to the operating theater, such as unstable hemodynamics, hypothermia, or dislodgement of the endotracheal tube [12, 14] . We performed all PDA closures in the operating theater because of limitations of resources in the NICU and the possibility of surgical infection. We have not seen any undesired complications associated with transferring the patient, and we believe that performing PDA ligation in the operating theater is safe when adequate care is taken.
The presence of a congenital cardiac surgeon is preferred in all institutions with a NICU, but because of a lack of these subspecialists, many centers are dependent on adult cardiac surgeons or general surgeons for PDA ligation [15] . The surgical outcomes of PDA ligation procedures performed by these surgeons were not found to be inferior to those performed by pediatric cardiac surgeons. As transferring hemodynamically unstable premature neonates with PDA to other institutions could be very difficult and would likely put them at an increased risk of unwanted complications, we believe that non-complex conditions, such as PDA, in premature infants can be considered for surgical correction by adult cardiac surgeons with sufficient experience and competence. Although a fundamental nationwide plan is needed to solve the problem of uneven distribution and the shortage of congenital cardiac surgery programs throughout South Korea, we think that training adult cardiac surgeons to be ready for urgent surgical situations involving congenital cardiac disease is critically important. We would like to suggest a shortterm congenital cardiac surgery training program for adult cardiac surgeons; another proposal would be that sharing programs across institutions may help when dealing with urgent surgical situations involving congenital cardiac disease.
This study has several limitations. First, the number of patients was small. Second, our study was non-randomized and retrospective. Last, our out-− 246 − comes were those of 2 surgeons who were relatively well exposed to congenital cardiac surgery during their training. Our outcomes may not be generalizable to all hospital settings without a congenial cardiac surgery program.
In conclusion, our findings provide information regarding PDA ligation outcomes at a site without a congenital cardiac surgery program. We believe that PDA ligation can be safely performed by adult cardiac surgeons in select centers.
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